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^rh CRITICAL STRESSES FOR PLATES 

By Eugene E. Lundquist and Evan E. Schuette 



SUl^lMARY 



ThG paner is a reviev^ ol a part of the work done by 
the .National Advisory Committee for Aeronautics on the 
critical stresses for plates in compression and in shear, 
as Vvell as in combined direct stress and shear. 

The theoretical work of calculating the critical 
stress for plates with elastically rest:^ained edges is 
subdivided into a series of basic problems for v/hich de- 
sign charts and cuf^ves ai-e nrepared. The nrincinles of 
the Cross method of m.oment distribution are used to pro- 
vide a new anoroach to the solution of nroblems in the 
stability of stru'^tri.res composed of plates. 

The basic methods of the theoretical approach are 
outlined, bub the main emphasis is on the practical 
significance and use of the results of both theoretical 
studies and laboratory tests concerned v/ith the buckling 
of plates. 



INTRODUCTION 



If a structure composed of plates is so loaded that 
the plate elements are subjected to comipression, shear, 
or comibined direct stress a.nd shear, the m_aximujn strength 
of- the structure may be determined by the critical stress 
(the stress at which buckling occurs). Even when the 
m.aximvjn strength is greater than the critical value, the 
strength of the structure is related to the critical 
stress. It is therefore important in mxany structural 
calculations to be able fco nredict the critical stress 
for plates if the structijral elem.ents are to be effi- 
ciently designed. These considerations, in addition to 
the need for accurately mjaintaining the contour of wing 
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surfaces in flight, make it desirable to have, for ready 
use in design, methods for calculating the critical 
stress for plates* 

The classical metiiods of calculating critical stresses 
for plates have not always "been carried to the point v/here 
the results can he easily applied to many of the complex 
problems encountered in design. For a number of years, 
the structures research section of the National Advisory 
Committee for Aeronautics has studied this problem for 
the purpose of brejaking it down into its basic elements 
in order that practical solutions of more difficult prob- 
lems might be made from the solution for the basic cases 
with no more than a few aritlime tlcal computations. Tests 
have also been made to verify a part of the theoretical ^vork. 
Some of 1"he theoretical methods and experimental results 
have been summarized in the ^resent panor, with emphasis 
on the m.ore practical aspects of the problem. 

The paper v;as originally presented before the 
A. So M* E. jo5.nt meeting of tl-e aviation and applied 
mechanics division at Los Angeles, Calif, on June 15, 1943. 



PRINCIPLES 0? I.^0M:;NT DISTRIBUTION aPPLKD TO 
STABILITY or FLaT-PLaTE STRUCTURES IN COlvIPRESSION 



The principles of moment distribiition v/are shown in 
reference 1 to be applicable to the study of the sta- 
bility of structures composed of bars under axial load* 
The fundamental character of the quantities used in the 
method of mioment dis tribut:. on and the formulas associated 
with them make possible, by suitable definition of "stiff- 
ness'* and "carry-over factor," the application of an 
analysis like that of reference 1 to a study of the sta- 
bility of structures ccmnosed of plates under compressive 
load. Before these definitions are given, a descrip- 
tion of the manner in which the moments are distributed 
along the edges of the plate is desirable. 

The solution of the differential equation for the 
critical compressive stress of an infinitely long plate 
v/ith given edge restraints reveals that, when the plate 
buckles, the moments and the rotations at both edges of 
the plate vary sinusoidally along the edges and are in 
phase v/ith each other. The ratio of mom.ent per unit 
length at any point along the edge to the rotation at 
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that TDoint is therefore conGtant along the edge for a 
given wave length. Fi'om these considerations, it is 
possible to write the following definitions of stiffness 
and carry-over factor: 

vo 

Stiffness If an infinitely long flat plate 
is under longitudinal compression with one unloaded 
edge on an ^onyielding support, the ratio of moment 
per unit length at any point along this unloaded 
edge to the rotation in nuarter-radians at that 
point when the moment is distributed slnusoidally 
is called the stiffness of the plate. 

Carry-over factor.- The ratio of the moment 
per unit length. deveTo-oed. at any point along the 
far unloaded edge to the apnl-Jed moment per unit 
length at the corresponding position along the 
near unloaded edg.3 is called the carry-over factor 
of the plate. 

The symbols used to designate the stiffness and the. 
car>ry-over factor I'or the different types of support and 
restraint at the far edge are given in the following 
table : 



Stiffness 


Carry-over 
factor 


Conditions at far edge 


s 


c 


:^"'ar edge supported and*, fixed 
against rotation 


si 




Far edge supported and elasti- 
cally restrained against 
rotation 


si- 


ci^ - 0 


Par edge supported with no 
restraint against rotation 


3III 


c"^^^ ~ 0 


Far edge free (no support and 
no restraint against rotation) 


siv 


civ ^ ^1 


Far edge supported and subjected 
to moment equal and opposite 
to that applied at near edge 



Figures 1 to 5 show the direction of compressive load and 
examples of the slnusoidally distributed moments along the 
unloaded edges of the plate. 
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In a structure compossd of plates, it is ass'urried 
that tiie joints "between plates^ or tetween plates and 
longitudinal restraining nieTibeis, rerrain in their original 
straight lines but are free to rotate subject to the 
elastic restraint of the interconnecting plates and mem- 
bers. It a sinusoidally distributed external moment is 
applied along an edge comjnon to more than one plate 
(figc 4), it follov/s, from a moment-distribution analysis 
similar to that rr.ade in refe.-'encs 1 .for the case of bars, 
that the plates will be stable if 

2S^.j>0 (1) 



The condition of neutral stability gives the critical 
buckling load for the assembly of plates and is obtained 
by setting the stiffness stability facto:^ equal to zero, 
or 

Ss'^^j = 0 (2) 



If the assembly is symmetrical about an edge of one 
plate ^ the fewest computations \/oi:?,ld be involved if oqua- 
tlcn [2) v/ore anplied at that edge* In ':h6 case of an 
assem.bly of plates symr:etrical about one plate, it is ad- 
vantageous to apply equal and onposite moments at the two 
edges of the plate about which the assembly is symmetrical • 
(See fig. 50 For this case, equation (2) can be written 
as follows 2 

S^^^^ . + ZS^.^^ = 0 (3) 

The use of equation (5) instead of equation (2) is recom- 
mended when the assembly of rJates is symmetrical about a 
plate • 

The methods of moment distrihution as applied to the 
stability of plates are more ccmnletely presented in refer- 
ence 2, where an illustrative problem is solved in detail. 
Reference 3 presents tables of stiffness and carry-over 
factor i-equired in the solution of practical problem.s. 
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II^STABILITY OF TIE WS3 i.ND PLAN5ES 0? 
CKANIISL- AND Z-SZCTIOIT COLUMNS 



Y Tlie i-nethods of moment distribution, together with 

variations of these mathods employing the charts of 
referonces 4 and 5, have baon used to calculate the 
critical compressive stress Icr 7;late bi^ckling of a 
family of Z-, channel, and lectanpular-tube sections 
(referance 5). Plgu^^e 6 presenus the results of this 
work as apnlied to channel- and Z-^secuion colr.mns, where 
3{nA[ is the coefficient in the equation 

0 k-,. ir^ Et../' 

The syr/bols in equation (4) and figure 3 are defined 
as follov/s: 

O'^P critical compressive stress 

k'-r ncndimensional coefficient dependent ucon 



relative dimensions of cross section 



tp^ b-pp, trr, b^Y dimensions of cross section, shown in 

figure 6 

E modulu.s of elasticity 

[L rcisscn's ratio 

Vi nondimensioral coefficiant that takas 

into account reduction o."^ modulus of 
elasticity for» stresses above the 
ela^^tic range. Within the elastic 
range, 'o - 1 



Per rse of equation i-^:) when the stresses are e 
he elastic range, o^^-p/r^ is evaluated first and 



above 

the elastic range, a^^^^/r, is evaluated first and o^-p is 
detarninad from an experimentally estiinated relationship 
between a^p/rj and <^er^ which is subsequently presented 
in this paper. 



All the quantities on the right-hand side of equa- 
tion (4.) are known except T:be coeff ic j.ent k^^j. This 
value m.ay be read from the cbar-^- of figure 6 after the 
necessary dimension ratios are com.puted and aoplies 
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whenever the length of the colujnn ?.s oreater than sev- 
eral (5 or 4) time 8 the widbh of the vvidest Tj].ate element • 

In genera] , wlien a coluinn of Z- or chaniiel section 
fails by ]ocal instabilitj, one of the tvo elements (wen 
and flange) of the cross seccion may be said to be pri- 
marily responsible for the instability; thar. is, as the 
load approaches its critical value, this one element is 
no longer capable in Itself of suppoi'ting the loads that 
are imposed on it withOMt buckling and is requirinn; a 
certain amount of restraint frcm the other element of the 
cros.^ section in order to delay buckling until the load 
is reached for which the cross section as a whole becomes 
unstable. The chart of figure 5 shews which element is 
being restrained f^om bTickling by che other elem.ent of 
the cross section. A dashed lice :s drawn on the chart 
connecting the points for which the tv;o elements are 
equally responsible for the instajllity of tne section. 
This line divides che cnart into tv/o regions; in one region 
the web is primarily responsible for instc/.bili ty and in 
the other the flange is prlmarj.ly responsible for insta- 
bility. A column with a given cross section \/lll fall 
in one of these two regions, depending on the values of 
the various dlm.ension ratios. The significance of the 
shaded area in figure 6 will be discussed in the follow- 
ing secbion. 



EIMjJNSICNS of channel- or Z-S'^CTION CCLmiNS FOR 
MAXIMUM CRITIC/": L STRESS 



The criticp.l s cress .-^or the Z or channel column in 
terms of the width and thick;;ie3s of the web is given by 
equa-^ion (4). The effect of the ni'esence of flanges vv^as 
accounted for in tne evaluation of ohe coefficient" k^r. 
For i:he purpose of studying the dimensions that give 
maximum critical stress, the form, of equation (4) should 
be preserved but the concept of certain term.s should be 
gene:^a] ized. 

The ratio b/t of a plate miay be called the aspect 
ratio of che cross section of the pla+:e. A corresponding 
quanuit:/, v/hicn expresses the section aspect ratio for a 
thin-metal colui'.in, is the area of the section divided by 
the square of some thickness. If, therefore, equation (4) 
is v:ritten 



:;ec 




(5) 



vg the value of kg^^ Iz a moasure cf the effect of the 

3- ape of the section tp/hi^ on Ocr/^ fo:-* a given sec- 
^ tion aspect ratio as defined by V'ty"^ and for a given 

value of t^^;/tp. In figur^e 7 these value s of .k^Q^ are 
plotted for channel- and Z-section columns • 

As a practical 2^-^obl3m in the da terraination of the 
dimensions of a channel- or a 2-section column for the 
development of maximum critical stress, consider a flat 
strip cf metal of constant thic^nxess that is to be formed 
into ri Z or chanxiel* In the formed section, t^r^/t-^ - !• 
The section aspect ratio k/^^^ is equal to the v;idth 
of this strip (o:^' the developed length cf the final cross 
section) divided by the thickness o When bent to form a 
channel- or Z-section column, this strip of metal of 
constant thickness develops the highest Or^-p/r, for insta- 
bility of the flanp-es and webs if the bends^'pre so located 
that the ratio of flange width to web width bp/by; is 
about 0»41, v^hich gives the maximum value on the curve 
for t-y/tp = 1 in figure 7. 

Regardless of the thickness used m the definition 
of the section as'oect ratio, the m.aximuiii value- of acr/i1 
for a given value cf the section asrect ratio will occur 
at the same values cf bp/b^^^ fo->:' a particular value of 

the ratio tv.r/tp. The maximviP' for each t-//tp ratio 
therefore reveals the value of bp/b,j|f that the channel 
or Z-section should have If maximrua Or.r>/\] is desired, 

Eqiiation (4) and figure 6 are probably more useful 
to practical designers than the more general equation (5) 
and figure 7. The region covered by the near-maximum 
values of the curves of figure 7 ij therefore indicated 
as a shaded area in figure 3, It is of interest to 
observe that the shaded area does not alv/ays enclose the 
dashed line that shows the dimension ratios for which 
tne web and the flange are equally responsible for the 
instability of the section. 

The foregoing discussion of the shares required 
for maxim.imi a^Vr] is presented in more detail in 
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reference 6, ^'^^h5 cli also presents siiTi5.1ar ratorial as 
applied to other types oi cross section. 



COMPlffiSSION T^STS 0? CHAML, AWD K-SCCTIOITS 

FOR STUDY OF INSTABIT.ITY OF 'KiE WEB AND FLaNG'^CS 



In orcler to check the practical accuracy of the chart 
of figure G, a.'^. well as of siriilar charts for other types 
of cross r.;ection, and also to establish experimentally 
the i'elationship between o^^ and a^p/^l, coiapression 

tests are being rr-ade on channel. Z-^ and H-sections of 
24S~T alijriin-uin alloy as described in detail iii reference 7. 
Figure 3 shows a test specimen ^fter buckling. The 
critical loads were determ.ined by means of wire-resistance 
strain gages^ as well as bj- means of extension arms 
attached to the free edges of the flarges. The optical 
micrometer in figure 8 was used to measure the relacive 
deflection of tiie extension arhis. 

Figure 9 shows a typical set of test data. The 
difference in s-^rain on opposite sides of the specimen, 
as measured by the strain pages, was regarded as a meas- 
ure of the curvature of the buckled web or flange. The 
relative mo^.-emeut o^ +"he extension arms was regarded as 
a measure of the over'-all distortion of the cross sec- 
tion. Figure 9 shows that the curvature and distortion 
readings, when plotted to suitab].e scales, gave essentially 
identical curves. The critical stress was ta'.con at 
about the top of the knee on these curves. Tnis critical 
stress always occurred near the point where the strain 
gage on one side of the web or flange began to shov/ a 
reduction in strain with further increase m load. (Com- 
pare curves of f'ig. 9(b) and (c) with curve of fig. 9(a).) 

The value of a^^p/ri was computed for all tust 
specim.ens by use of equation (4) and figure 6, or from 
sim.ilar equations and charts for ether types of cress 
section. Tb-e experimental val'ue of ^^^^ then plot- 

ted against this computed value of ^cr^^ figure 10. 

The fact that a^i. and Oni^/v agree in the lower stress 

range, v\^here ri ~ 1, pi^oves the accuracy of the theoretical 
iTiethods. The fact that the test; points establish es- 
sentially a single curve throughout the entire stress 
range Indicates that a single effective modulus t]E can 
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be used for all the types cf cross section studied. If 
it is desired actually to evaluate this modulus, the 
value of T) can be determined from the ratio of values 
vo '^cr ^crAi taken from this curve • 

As the maximuin strength developed after buckling is 
related to the critical stress, the experimental values 
of o^^ were plotted against the ratio ^cr^^^mxax 
figure 11 o This figure shows that for the Z-section 
columns, the critical stress tends to be about 4 percent 
less than the maximum stress for critical stresses above 
about 32,000 pounds per square inch. The same condition 
exists for the channel-section coli^mns for critical 
stresses above about 36,000 pounds per square inch. Be- 
low 36,000 pounds per square inch, the data for channel- 
and Z-section colum/ns plot alonj separate curves. As 
the experimental investigation of wnlch these data are a 
part is still in pi^ogress, no attem.pt will be made here 
to explain the difference. The discussion that follows 
applies to only the Z-sections, for v/hich more extensive 
data a:^e at present available • 

The curve cf figure 11 defines a relationship be- 
tween Oct ^-^^^ ^mSiX' T-^^ value of o^^ can be deter- 
mined for a Z-section column by use of the theoretical 
methods previously outlined and the curve of figure 10. 
The value of cr.-^ax therefore also defined for a 

given Z-secticn' column. The variation cf Oj^^ax ^^^^"^"^ 
Ccp/rj is presented in figure 12, The points are ex- 
nerimental values of o^^^^ plotted against the computed 
values of a^p/T], and the curve is established by the 
tv7o curves previously dravm in figures 10 and 11, 

DESIGN CHARTS FOR Z-S'-^CTION COLmiNS 
THAT DEVELOP INSTABILITY OF 
WEB AND FLANGE 



The theory a.-id experimental data cf the foregoing 
sections provide the basic information required for the 
construction of practical design charts. Figures 13 
and 14 are such charts prepared for Z-sectlon columns 
with v/eb and flange of equal thickness (^/tp = 1). 
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Tnese charts are useful fcr olther ext-^udsd sections of 
243-T or sections formed froiri flat 24S-T sheet. T.o 
corrections have "been made for rediiction to mlnimiini 
guaranteed properties; the charts therefore apply to 
24S-T material of average properties as supnlied by the 
Aluminum Company of America. 



CRITICAL STR^ovS PGR FLAT FLAr^S L^TLLR 
GOKPINl^B Sli^AR A^JD DIHI^CT STRESS 



In the design of s tressed-skin structures, considera 
tlon must often be given to the critical stresses for a 
snoet under a combination of shear and direct stress. 
The upper surface of an airplane wing in flight, for ex- 
ample, may be subjected to combined shear and compressive 
stress, while at the same time the ^cwer surface is sub- 
jected to combined shear and tensile stress • Under this 
condition, the upper surface may buckle at a lower com- 
pressive stress than if the shear were not present, and 
the- critical shear stress for the lorer surface will be 
Increased by the presence of the tensile stress. In 
order to gain a more complete u.nders landing of this 
problem as applied to flat plates, the basic problems 
of compression alone and shear alone have each been 
studied, and bhe results of bhese studies have been 
used in investigating the action of ::lates under com- 
bined stress. 

Co mpression alo ne.- A theoretical study of the 
critical stress for a long plate, subjected to longitu- 
dinal ^ compression, with equal elastic restraints along 
the side edges, resulted in the preparation of the chare 
of figure 15 (see reference 4), which gives the coeffi- 
cient k in the general plate -buckling formula 



A similar chart has been prepared for an outstanding 
flange and is presented in reference 5* 



'/d^ rp ^_ <0 



= k 



(6) 



11 



The parameter 4SobAjD In fig-'jire 15 is called the 
resti-^aint ccefficient. 



v:he :?Q 



stiffYiess per unit length of elastic restraining 
nedium, or ratio of moment per unit length at any 
point a].ong the length of the medium to the rota- 
tion in quarter-radians at that point 

b width of plate 

D flexural stiffness of i^late per unit length 

! Et" ^ 

t thiokress of plate 

If the edge restraint is provided by other flat 
plates, the value of is the aoproprlate stiffness 

as defined in the section on m.oment-dis trlbution methods. 
The n"amerioal value of Sq can therefore be obtained 
from, the tables of reference 3o 



If the edge restraint is provided by a sturdy 
stiffener, defined as a stlffener of such proportions 
tliat i'c does not suffer cross-sectional distortion when 
moments are applied to some part of the cross section, 
the value of 43Qb/r.D is (reference 8) 

whe re 

\ half -wave length of buckles 

GJ effective St. Venant torsional stiffness of 

stiff ener 

Q compressive stress in stiffener 

Ip polar moment of inertia of stiffener sectional 
area about axis of rotation 
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E effective rixOdulus of elasticity 

Cpm torsion-bending constant of stiffener sectional 
area about axis of rotation at or near edge of 
plate 

Shear alone ,- A study of the critical stress for 
plates under sheai- sir-iilar to that for plates under com- 
pression has baen rrade in reference 9. In this refer- 
ence, a chart similar to figure 15 is presented for the 
determination of the coefficient in the formula for the 
critical shear stress. There is also presented in 
reference 9 a tentative curve that shows the variation 
of the effective modulus for plaLes in shear with the 
shear stress for aluminuin alloy. 

Combin ed shear and direct s tress A theoretical 
study of the cricical stress for'l^lates subjected to 
combined shear and comipressicn has been made in refer- 
ence 10. For an infinitely long flat plate supported 
and with equal elastic restraints against rotation along 
the edges, it was found that the combination of direct 
stress'and shear causing instability may be determined, 
for practical engineering use, by the equation 

v;here 

R ratio of direct stress when buckling occurs in 

^ combined shear and direct stress to compressive 

stress when buckling ccciars in pure compression. 
Tension is regarded as negative compression 

R ratio of shear stress when buckling occii.rs in 

combined shear and direct stress to shear stress 
when buckling occurs in pure shear 

This conclusion is illustrated in figures 16 and 17. 
In these figures, the plotted points represent the exact 
values of critical stress computed from the theoretical 
solution. The various svrabois represent different 
constant values of the restraint coefficient e between 
0 and ^, which cover the entire range from simple 
support to fixed edges, and one case in which € varies 
with the wave length \. 
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CRITICAL COMPRESSr/E STRESS B^OR CimVED SHEET 

Because the skin between stiffeners on the sur-Tace 
of airplanes Is curved to the contour of the winc^ or fiise- 
^ lags, it is Iniportant to invsstigace the extent to which 

^s\ this curvature influences the critical stress. 

In the course of an experiirental study (reference 11) 
of the affect of curvature on the critical comr^ressive 
stress for plate elements betv/een long! budinal' stiff eners, 
a number of specirpons of the tyx^e shown in fip;ure 18 ware 
tested. The stiffeners at the ed^ses of the sheet were 
so proportioned as to force bucklinp- to occur in the sheet 
at a load lower than the Icwest critical load Tor jnsta- 
oxlxty of th-3 stiffeners and to provide adequate sunncrt 
against deflection normal to the sheet, without havinp- 
excessive area in the stiffeners. 

In figure 19 are presented the results of tests on 
tiie group of specimens .vith the dimensions showri in' 
figure 13 and with various radii of curvature r. For 
the tnree specimens with r/t less than 500, the critical 
stress I or the points represented bv circles in flgiare 19 
was the ooserved stress at which bucJ-les occurred suddenly 
witn a snap -diaphragm action accompanied by a loud report, 
i-or ail specimens with r/t ;-?reater than 500, the criti- 
• cal stress represented by the circles was determined from 
an analysis of the -rowth of buckles by the Southwell 
method as generalized in reference 12. The crosses in 
figirre 19 represent the critical stresses as determined 

S-^Qm?®nrJr:?Sf.^'^®^''''^^®^ section on COI.IPxTESSION 

TiSTS OP CEANIIEL, Z-, AND H-3ECTI0NS. 

The curves A, 3, and C in figure 19 are the cu-ves 
fi'^^-'^i'? ^^E^^r'es 7 and 9 of reference 13, which represent 
tbe .f,iACA study of circular cylinders in compression. 
Curves A ard B, resDsctively, are the grachs of the equa- 



— - w.bOb - and ~ = 0.3G3 - 



The plotted Doints in figures 7 and 9 of reference 13 
representing the compressix^e strength of oaref^illy '^^ 
constructed cylinders, scattered bet^TOen curves. B and C. 
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The dashed cur've in f : jrare 19 ?.s a {^raph of the equa- 
tion 




k coefficient for critical stress of slice t when 

flat 



b width of sheet hotv;een stiffcners 

t thickness of sheet 

r ra.dius of cnrvatui-e 

This equation is a modif ication of trie theoretical eaua- 
tion (derived in reference 14, i-vhich is a generalization 
of equation (S76) of reference 15 to incliide all degrees 
of ed.re restraint instead of simple support alone. The 
value of k was chosen to ma]<:G the curve agree with the 
experiirental points plotted as circles for ^r/t = oo. 

Regardless of whether the Southwell nethod or the 
method given in reference 7 is used to establish experl- 
m.ental critical stresses, it appears from the data i;hat 
the effect of curvature cannot be relied upon to follow 
consistently the gradval increase in critical stress 
v^ith increase in curvature represented by equation (9), 
The data of figure 19, togetrior with similar data also 
presented in reference 11, lead to the conclusion that 
for practical engineering use the critical compressive 
stress for a curved sheet between stiffeners is equal 
to the larger of the following values: 

(a) The critical comnressive stress for an •unstiffened 

circular cylinder of the same radius-thickness 
ratio 

(b) The critical compressive stress for the same 

sheet when flat 
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EPF'ECT OF AN CUWARD-ACTING NORMAL PRESSURE 
ON TIIE CRITICAL STRESS OF CURVED SHEET 



No considera t5.on has thus far "been given to the ef- 
fect of normal pressure on the cr5.t?.cal stress. The 
beneficial effect of the suction pressures on the upper 
surface of wings, hov/ever, should bo considered. This 
problem is being sbudied by the NACA and tv/o papers 
(references 16 and 17) have been prepared to present the 
results of preliminary experimental work. 

Examples of the extent to which an outward-acting 
normal oressure raises the critical stress for curved 
sheet are shown in figures 20 and 21 for the specim.en of 
figure 22 « The numbers beside the experimental points 
in figures 20 and 21 give the order in which the various 
tests vi^ere made. For both compression and shear, an 
outward-acting normal pressure raised the critical stress, 
which varied approximately linearly v/ith the pressure. 



CONCLUDING REMARKS 



This paper is a review of a part of the work done 
by the NACA on the subject of the critical stresses for 
plates in compression and in shear, as well as in com- 
bined direct stress and shear. Although some theoreti- 
cal methods are presented, the main emphasis is on the 
practical significance and use of the results of both 
theoretical studies and laboratory tests concerned with 
the buckling of plates. 



Langley Mem.orial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va. 
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Figure 1. -.-Infinitely long flat plate under cor:^)ressive load. (Prom 
reference 2.) 
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Figure 2.- rlate with moment aT.^plied at near edge, far edge free. (From 
rcferencG 2.) 
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Figure 3.- Plate with moment applied at near odge, equal and opposite mo 
ment at far edge. (From reference 2.) 
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Figs. 4,5 




Figure 4.- End view of assemlDly of platOvS with a common edge i. (From 
reference 2,) 



ill 



Plane of s^Tumotry 




\ 



^2 



Figure 5.- End view of assembly of plates symmetrical atout plate ij* 
(From reference 2.) 
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Fig. 6 
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Fi^re 5.- Minim\im values of Ir^ for centrally loaded col^x-r.ns of 
chacnel and Z-seotion, (Adapted fi-orn reference 6.) 
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Fig. 8 
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figure Column of z-section after buckling. (From refer- 
ence 7. ) 
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Figare 9.- T^/pical test data for col-arnns of channel, or K-saction. (Adapted from reference 7.) 
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Figiare 10.- Variation of 0-^^. with o'^p/'n for ali-jminum-alloy 

coronins of channel, or E-section that fail by- 
instability of V7eb or flanges. (Ada. bed f-'^om reference 7.) 
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Firare 11.- Variation of (i^r with o'cr/omaz for 24S-T aluminum- 
alloy col-arrais of channel, or E- section that 
fail by instability of web cr flanges. (Adapted from reference 
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Fig. 12 
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ITigiire 12.- Variation of 0-^.^^ with cr^p/ri for 24S-.T alijinin-uin-alloy 

colniuns of channel, Z-, or H-section that fail 
instability of v;eb or ilan-sras. (Adapted from reference 7.) 
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Figure 14.- Design chart for maxim-urn stress of P4S-T al-Jinimim-alloy col- 
umns of Z- section that fail "by instability of web or flanges. 
(From reference 7.) 
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Figure 15.- Desi-n chart for flat platos giving values of k for equal restraint coefficients 
4So"'o/'nD on each side edge of the plate. (Adapted from reference 4.) 

^= _kT!%t_^ 
r\ 12(l-p,2)h2 
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Figure 16.- Interaction curve for critical stress of a flat plate under 
coriiUined shear and coinpre::sion. (Adauted from reference 10.) 




Fi^are 17.- Interaction curve for critical stress of a flat plate under 

comlDined shear and compression or tension. (Adapted from 
refer e:ace 10.) 
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Figs. 18,19 



i'ifi'iare 18. 



Dimensions of curvei-siieet specimen. (From reference 11.) 
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Fi-;:urG 19.- Critical coinpressive stre{:is for 24S-T aluriii2ir.m-alloy curved 

sheet Ijetween stiffeners for specimens of t\^e shov/n in 
figure 18. (Adapted from reference 11,) 
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Figs. 20,21 
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Outv/ard acting nornial pressure, It/ sq in. 
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yigare 20.- Effect of normal pressure on critical compressive stress 
of cui^ved slioat for specirfion of figure P2. (Adapted from 
reference 16.) 
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Fig-ore 21.- Effect oi normal pressure on critical shear stress of 
curved sheet for specimen of fig^ire 22. (Adapted from 
reference 1?0 



